sxy-do not affect the inducibility of hktE. The hktE gene maps to a 225-kb segment of the H. influenzae chromosome in a region encoding resistance to spectinomycin.
Catalases, the enzymes which catalyze the conversion of hydrogen peroxide to water and oxygen, are ubiquitous among aerobic species, where they serve to detoxify the peroxides that arise from exposure to oxygen (2) . In most bacterial species studied, the expression of catalase is tightly regulated, with activity kept at low levels until an oxidative challenge is presented or until the cells enter stationary phase.
Escherichia coli produces two catalases, hydroperoxidase I and hydroperoxidase II, from two separate genes, katG and katE, respectively (22) . The katG gene is normally expressed at low levels but is upregulated upon exposure to peroxides by the OxyR global regulatory system (8, 9) . katE, on the other hand, is produced at high levels in stationary phase (21, 23) and is controlled by a stationary-phase sigma factor, us, encoded by rpoS (18, 27) . In addition to the katE gene, the E. coli stationary-phase sigma factor is thought to control as many as 50 different genes, including those for acid phosphatase expression, DNA repair (exonuclease III), and glycogen synthesis, and other regulatory genes such as bolA (15) . Among their many phenotypes, E. coli rpoS mutants fail to make high levels of catalase in stationary phase and are sensitive to acid at a pH of 2.5 (40) .
Haemophilus influenzae has long been known to produce catalase activity, although the number of genes involved and the factors influencing its production have not been studied. As a commensal of the human upper respiratory tract, H. influenzae spends much of its time in a state of stationary growth and is likely to be exposed to numerous oxidants. Thus, one might anticipate that H. influenzae would employ a mechanism similar to the E. coli katE-rpoS system to survive in the nasopharynx. Hence, we began our study by looking for H. influenzae genes which complemented E. coli rpoS mutants. As described below, we found numerous clones that carried a structural gene for H. influenzae catalase, but no H. influenzae qpoS-like genes were found. This H. influenzae catalase is homologous to the E. coli katE gene product but is regulated in the same fashion as the E. coli katG catalase.
MATERIALS AND METHODS
Strains and plasmids. The strains and plasmids used in this study are shown in Table 1 . H. influenzae strains were grown in brain heart infusion medium (Difco, Detroit, Mich.) supplemented with 10 pug of hemin and 10 ,ug of NAD per ml (sBHI), as described elsewhere (3), and E. coli strains were grown in LB medium (35) . For H. influenzae selections, chloramphenicol was used at 2 pLg/ml and kanamycin was used at 10 ,ug'ml; for E. coli, ampicillin was used at 50 ,ug/ml, spectinomycin was used at 50 jiglml, kanamycin was used at 10 ,ug/ml, and chloramphenicol was used at 35 ,ug/ml (antibiotics were obtained from Sigma, St. Louis, Mo.). Plasmids were introduced into H. influenzae by the M-IV method (16) and into E. coli by electroporation in 0.1-cm-diameter cells (Bio-Rad Laboratories, Hercules, Calif.). pBR322-and pACYC184-derived plasmids were isolated and purified by alkaline lysis, and pGB2-based plasmids were isolated and purified by phenol extraction (10) . Large quantities of some plasmids were prepared by using the Qiagen system (Qiagen, Inc., Chatsworth, Calif. After selection on antibiotic plates, E. coli cells transformed with each of the H. influenzae DNA libraries were screened for the acquisition of catalase activity by the peroxide bubble assay, both with and without acid prescreening. As may be seen in Table 2 , nine bubble-positive clones were found in the pBR322 library and 14 were found in the pGB2 library after about 128,000 colonies had been screened. As Table 2 indicates, acid prescreening failed to increase the frequency of bubble-positive clones, suggesting that the libraries lacked a sizable pool of rpoS-complementing clones, since such a pool would have been amplified by acid prescreening.
Analysis of the bubble-positive transformants. As a first step in analyzing the 23 bubble-positive clones identified in the screening process, we assessed their levels of production of 3-galactosidase. Since the host strain ZK918 contained a chromosomal bolA::lacZ fusion, complementation of the rpoS mutation would upregulate boLA and lead to high-level 3-galactosidase expression. All Subcloning of the 2.1-kb PstI-Sau3AI fragment. The 2.1-kb PstI-Sau3AI fragment was excised from plasmid pBR322-2 (Fig. 1A) , along with 276 bp of pBR322 DNA, as a PstI-SalI fragment and was cloned into the multiple cloning site of pBAD102. pBAD102 is a pACYC184-derived, 2,538-bp E. 
ATTCCAGTAAACCGTCCACGTTGCCCTGTT CATAGCAACCAACGTGATGGTCAAGGTCGT GTAGATGGrACCTACGGTAGCTTGCCACAC TACGAGCCAAACAGCTTCAGCCAATGGCAA 1458 coli-H. influenzae shuttle vector that contains a pBluescript II SK+ multiple cloning site and surrounding primer-complementary sites (10a). A map of the resulting plasmid, called pWB5, is shown in Fig. 1B .
DNA sequencing and analysis of the 2.1-kb PstI-Sau3AI fragment. Double-stranded plasmid sequencing with primer walking was performed on both strands of the 2.1-kb PstISau3AI insert in pWB5. The resulting sequence of 2,069 bp (61.4% AT) of H. influenzae DNA is shown in Fig. 2 . The AT richness of this segment of DNA is consistent with previous work showing that whole H. influenzae chromosomal DNA consists of 62% AT base pairs (34) . Interestingly, no DNA uptake signal sequences were found in the 2,069-bp segment; this 9-to 11-bp sequence is repeated about 600 times in the H. influenzae chromosome and is believed to be the basis for the homospecificity of natural DNA transformation in this organism (17) .
As may be seen in Fig. 2 , the sequence contains a single, large open reading frame (ORF) encoding a protein of 508 amino acids (aa) with a theoretical molecular mass of 57,616 Da. There are no other sizable ORFs in the flanking DNA, which might suggest an operon structure. The 508-aa ORF is preceded by a 6-base homology (AAGGAG) to the 3' end of the E. coli 16S rRNA (the Shine-Dalgarno ribosome-binding sequence) occurring 6 bases upstream of an ATG codon. At the 3' end of the 508-aa ORF, there is a region of dyad symmetry which might serve as a transcription terminator. Several possible bacterial promoter sequences occur upstream of the 508-aa ORF. As illustrated in Fig. 2 , the potential promoter closest to the ATG is preceded by a sequence which shows homology (6 of 9 bases) with the Salmonella typhimurium OxyR binding consensus sequence. The OxyR protein of S. typhimurium positively regulates the expression of at least nine genes in response to hydrogen peroxide challenge (8) and has been shown to bind to the upstream regions of the S. typhimurium ahpC (alkyl hydrogen peroxidase) gene and the E. coli katG gene, both of which are induced by hydrogen peroxide (39) .
The 508-aa ORF is homologous to eukaryotic catalases and E. coli katE. A search of the current nonredundant DNA and protein data bases by using the BLAST algorithm (1) revealed significant homology between the 508-aa ORF and large regions of numerous eukaryotic and prokaryotic catalases. As may be seen in Fig. 3 , these included catalases from human kidney (58% identity over 352 aa), bovine liver (57% identity over 352 aa), Penicillium vitale (38% identity over 276 aa), Micrococcus lysodeikticus (50% identity over 390 aa), Bacillus subtilis (the kat-19 gene; 57% identity over 412 aa), and E. coli (the katE gene; 50% identity over 331 aa). Aside from the E. coli and B. subtilis proteins listed above, the only other prokaryotic catalases in the data base which show homology to the H. influenzae sequence were from Lactobacillus sake (59% identity over 363 aa; accession no. P30265), Listeria seeligeri (46% identity over 402 aa; accession no. A40367), and Bacillus firmus (46% identity over 343 aa; accession no. P30266).
Because the H. influenzae sequence is homologous to the E. coli katE family of catalases, but not to the E. coli katG family, we have named it hktE. Its sequence has been deposited in the GenBank data base.
The three-dimensional structures of BLC (29) (38) , are shown; blocks of homology are capitalized. The italicized domains of PVC and katE indicate homology shared by those two sequences only. The four major domains of BLC are shown above the alignment, and the essential active site residues His-74 (H74), Ser-113 (S113), Asn-174 (N147), and Tyr-357 (Y357) are indicated. Other residues present in the proximal heme site (P), distal heme site (D), and NADP-binding site (N) are underlined and indicated in boldface. The sequences are from B. subtilis kat-19 (B.SUB.) (accession no. P26901 [6] ), human kidney (HUMAN) (accession no. P04040 [4] ), bovine liver (BLC) (accession no. P00432 [37] ), M. lysodeikticus (MLC) (accession no. P29422 [28] ), P. vitale (PVC) (accession no. P1 1934 [41] ), and E. coli katE (accession no. P21179 [43] ). The three-dimensional structures for BLC, PVC, and MLC are known; the primary sequences for the last two have been determined by crystallography only. Numbers on the right indicate amino acid positions. monomer polypeptides (506, 670, and 497 aa, respectively) all contain a heme moiety in their active sites buried about 20 A (2 nm) beneath the surface. The three-dimensional structures reveal four distinct domains: the N-terminal extended arm, the ,-barrel core, the wrapping domain, and the C-terminal external a helices (13, 14, 25) . As shown in Fig. 3 , the four essential, active site residues of BLC (His-74, Asn-147, Ser-113, and sion in H. influenzae was analyzed at both the protein and the RNA levels. As may be seen in Table 3 , catalase activity in wild-type H. influenzae Rd -(strain KW20) is maximal during exponential growth phase and drops by a factor of about 2 in stationary phase. The introduction of cloned hktE on a multicopy plasmid (pWB5) increases the levels of catalase activity above those seen in the wild type, but stationary-phase levels remain at about half those seen in exponential phase. We believe that the H. influenzae catalase activity measured during these experiments is due to hktE expression exclusively, since hktE knockout mutants constructed in preliminary experiments fail to express any detectable catalase activity (data not shown). Thus, unlike E. coli katE, which is upregulated in stationary phase, the homologous gene in H. influenzae appears to be moderately downregulated in stationary phase.
-----------------------------------------------------------------APVADNQNSLTAGPRGPLLAQDLWLNEKLADFVRE 55 B.SUB. mssnklttswg -------------------------------------------------------------------------APVGDNQNSMTAGSRGPTLIQDVHLLEKLAHFNRE 46 HUMAN madsrdpasdqmqhwkeqraaqkadvlttgag --------------------------------------------NPVGDKLNVITVGPRGPLLVQDVVFTDEMAHFDRE 67 BLC adnrdpasdqmkhwkeqraaqkpdvlttggg------------------------------------------------------NPVGDKLNSLTVGPRGPLLVQDVVFTDEMAHFDRE 66 MLC vphatgstreng-------------------------------------------------------------------------APAVSDRESLTVGSEGPIVLHDVHLLETHQHFDRM 47 PVC aaaqrrqndssvflaimv-------------------------------------------------------------------
We also analyzed the effects of hydrogen peroxide and ascorbic acid, inducers of E. coli katG via the OxyR regulatory system, on catalase activity in H. influenzae. As shown in Table  4 , exposure to 10 mM ascorbate for 30 min during exponential growth resulted in a 10-fold increase in catalase activity in wild-type H. influenzae (strain KW20). Hydrogen peroxide 17.5 gg gave similar results (data not shown). Ascorbic acid forms hydrogen peroxide in the presence of oxygen and is thought to act as an inducer via this mechanism (22) .
In addition, we measured the ascorbate induction of catalase in three H. influenzae regulatory mutants to determine if these genes participated in catalase regulation. As may be seen in Table 4 , mutants with knockout mutations of the H. influenzae catabolite regulator protein gene (crp) (7); adenylate cyclase (cya) gene (30a); and sxy gene, a regulator of natural competence development in H. influenzae (30a, 31, 45), behaved as the wild type did, upregulating catalase activity in the presence of ascorbate. Hence, the ascorbate/peroxide induction of hktE is mediated by a regulatory system outside the control of the crp, cya, and sxy genes.
Finally, we studied the levels of transcription of hktE with and without ascorbate induction. As shown in Fig. 4 , RNA slot blot analysis of total cellular RNA reveals considerably more hybridization in the induced slots than in the uninduced slots when they are probed with a 32P-labeled, internal DNA fragment of the hktE gene. When quantified, the induced slots showed a signal which was an average of 4.4-fold greater than that of the uninduced slots, indicating approximately a 4-fold greater abundance of hktE transcripts after ascorbate induction.
Location of the hktE gene on the H. influenzae chromosome.
We used pulsed-field gel electrophoresis and Southern blotting to localize the hktE gene to a restriction fragment on the H. influenzae genomic map. Figure 5A shows 
